Abstract-The paper focuses on the design of a biochip for Single Cell Analysis (SCA) using microfluidics. Several techniques have been developed for analysis of human cells. But most of these analyses are done on a group of cells assuming that all the cells within an isogenic cell population are homogenous. However, many evidences show that cellular heterogeneity occurs even within an isogenic cell population. Therefore, single cell analysis has been gaining a lot of importance in the recent past. The main objective is to design a micro-well with vertical trapping. The focus is on capturing a single cell by optimizing the shape and size of the micro-well and microchannel using hydrodynamics. The design simulation is done using COMSOL Multiphysics software. The paper provides a comparative analysis of various designs proposed, based on their performance and design parameters.
I. INTRODUCTION
Cells are the basic building blocks of an organism. They are the smallest functional units whose combined metabolism leads to complex reactions in the body. Therefore, cellular analysis is very important to understand the basic biochemical and physical process of life. Biochips are the devices which are of great importance for studying the various physical and chemical reactions of a cell in a lab environment. It is a collection of miniaturized test sites arranged on a solid substrate that permits many tests to be performed at the same time to achieve high throughput and speed [7] . The biochip consists of an inlet through which the sample must be sent in. The inlet leads to several micro-channels which provide a path for the sample to flow inside the biochip. The channel leads to a chamber or a micro-well in which the particles of the sample gets trapped. In the case of cell analysis, the well acts as a cell chamber. The size and shape of the channel and the well determines the cells which will flow through and get trapped. It may also have separate inlets for introducing chemicals or reagents. The biochip is then further integrated to omics technology for analysis.
Several methods have been developed for cell trapping. They can be classified as cell immobilization on a surface and as contactless cell trapping. Cell immobilization on a surface includes chemical trapping and hydrodynamic trapping. Contactless cell trapping includes dielectrophoretic trapping, laser trapping, acoustic trapping, and magnetic trapping [2] . This paper focuses on the development of a microfluidic hydrodynamic vertical trap array. Microfluidics is the science and technology of manipulating and controlling fluids, usually in the range of microliters (10-6) to picoliters (10) (11) (12) in networks of channels with lowest dimensions from tens to hundreds of micrometers [3] . Fluid flowing in a biochip is usually in microscale range. Manipulation of fluids in microscale range is faster, simple and require less fluid and energy than macroscopic equivalents. Hydrodynamics is the branch of science which deals with the forces acting on or is exerted by fluids. Hydrodynamic trapping includes all the methods which use variations of surface topography to separate particles from a flow and immobilize them on certain sites [2] . Mechanical obstacles are used to immobilize the cells on certain sites. Thus, the size of the obstacle must match the size of the object to be captured.
At present, there are various techniques available for cell analysis. All these techniques are done on a group of cells based on the assumption that all the cells within an isogenic cell population are homogeneous. But recent evidence shows that heterogeneity occurs even within the cells of the same group [2, 4] . Therefore, it is necessary to study each cell individually. The number of publications on SCA has been constantly increasing. The percentage of research articles on this topic, published from 1980 to 2004 is 19% and it has increased to about 81% between 2005 to 2016 [5] .The paper focuses on the design of a biochip for single cell analysis. The main emphasis is on the design of a microwell with vertical trapping suitable for the capture of a single cell. The work proposes various size and shape of microwells and their combinations with a microchannel which could result in maximum throughput. The design simulation is done using COMSOL Multiphysics software.
II. GOVERNING EQUATIONS FOR FLUID FLOW
The main physics involved in simulating the biochip is the fluid flow. The sample with the cells to be analyzed are sent into the biochip via the inlet using saline or some other fluid suitable for carrying the cells. In many cases, water is used as a carrier. It acts as the medium for carrying various types of cells. Water is an incompressible fluid which has a constant density. Its density does not vary with time. In Microfluidic environments, the flow pattern is predominantly laminar since the viscous forces dominate inertial forces [4] . The type of flow is determined by the Reynolds number. It is denoted by Re and is given by the formula.
(1)
In macroscopic environments, if the Reynolds number is less than 2300, the flow is said to be laminar. But in microscopic environments, the Reynolds number is in the range of 0 to 1. Therefore, the flow in our application is predominantly laminar.
Every fluid flow physics is determined by the NavierStokes equation. This equation defines the law of conservation of momentum in a fluid flow [6] . The momentum principle expresses the relationship between the applied forces F on a unit volume of matter of density and the inertia forces of this unit volume of matter in motion. Based on Newton's second law of motion, the rate of change of momentum is proportional to the applied force and takes place in the direction in which the force acts. It is given by
If velocity V is expressed as u, v and w for the three-coordinate axis then Newton's second law can be expressed as
Where, is constant for incompressible fluids.
The continuity equation expresses the conservation of matter. It is expressed as conservation of volume in case of incompressible homogenous fluids [6] . It gives the relation between velocity and density of fluids with that of spacecoordinates and time. Since density is constant in incompressible flow, the equation involves velocity and space coordinates.
(6)
It can also be expressed as .
Where is the density of the liquid.
V is the velocity of the liquid and A is the cross-sectional area of the path through which flow occurs.
The laminar flow through a pipe of uniform cross section is given by Hagen Poiseuille's equation [6] . It gives the pressure drop in an incompressible and Newtonian fluid. The DarcyWeisbach equation gives the solution to the Hagen Poiseuille equation.
(8)
Where, P is the pressure difference between the two ends of the tube.
μ is the viscosity of the fluid.
L is the length of the tube.
Q is the volumetric flow rate, and r is the radius of the tube.
The simulation was performed using COMSOL Multiphysics version 4.3 on a computer with a processor of Intel(R) Core(TM) i5-5200U CPU @ 2.20GHz 2.20GHz, an installed RAM memory of 8.00 GB with 64bit operating system, x64 based processor.
III. MATERIALS AND METHODS
COMSOL Multiphysics software is used to simulate and analyze the designs. It allows coupling of two or more physics, thus enabling near accurate simulation of various physics based phenomena [8] . The boundary conditions play an important role in determining the accuracy of the simulation. The boundary conditions include choosing the walls of the design, the inlet, outlet, the value of the inlet fluid velocity and other required details.
A. Analyses performed 1) Study of velocity profile within circular and square microwells
A simple rectangular microchannel was constructed with circular and square wells of radius and side length varying from 10μm to 100μm and the velocity profile inside each well was studied. 
2) Study of cell trapping in various microwell and channel designs
It has been found through previous research that triangular microwells are the most efficient in trapping single cells. This is because in a square or circular well the probability of a cell getting trapped is the same at any point of the well as they travel nearly the same distance. Therefore, it may lead to clustering of cells. Whereas in a triangular well the cell trapping probability varies when the cell travels through the middle of the well and through the sides [1] . Therefore, triangular microwells were preferred for the design of the biochip. The dimensions of the design play an important role in determining its efficiency. The dimensions must also be suitable for fabrication. The microwell must have a low fluid velocity, recirculation must be achieved in the well. Three types of channels are proposed and a comparative study is done with variation in inlet fluid velocity, the diameter of the particles in the fluid, and the number of particles flowing in.
The orientation of the well plays an important role in producing efficient trapping of cells. The microwell must be such that one of the apexes of the triangle is placed facing the flow as shown in figure 3. Placing the microwell in this manner produces optimum results. Hence in all the designs the triangular wells were placed with one apex facing the flow. The range of each parameter in the device design is given in table I. Thus, with each channel width 3 combinations of designs can be built. The naming for each design is given in the table II. ST represents a straight channel, V represents a V shaped channel and S represents a serpentine channel. The first number refers to the channel width, the second numbers refers to the microwell base area and the last number to the microwell depth. Therefore, V 75 100 50 refers to a V shaped channel of width 75μm, with triangular microwells of base area 100μm and microwell depth of 50 μm. The variation in cell trapping with changes in different parameters of the design is studied in all the three channels with microwell depth of 50μm. The inlet velocity plays an important role in determining the cell trapping. The effect of cell flow with various inlet velocities is studied and the results are shown. The number of particles trapped also varies with the number of particles per release, particle diameter and the microwell orientation with respect to the flow direction. Figure 5 shows the velocity profile in circular and square microwells of radius and side length 20μm. A cut plane was drawn along the 20μm well and the velocity profile along this line was studied.
IV. RESULTS AND DISCUSSION

A. Results from the study of velocity profile in microwells
From the plot of the velocity profile, it is found that, as we go deep into the well there is a gradual decrease in velocity. The velocity profile in wells of various shapes shows a similar pattern. The velocity in smaller wells is lesser than those in larger wells. Therefore, smaller wells will have a higher recirculation than larger wells, thus leading to higher chance of trapping the cells. Due to no slip condition applied to the walls, we can see that the velocity at both the ends of the channel is zero and it increases gradually as we move towards the center. From the above velocity plots, it is further found that, with an increase in inlet velocity, the velocity of fluid within the channel and the well also increases. 
B. Results from the study of microchannels in cell trapping
1) Variation in particle flow with inlet fluid velocity
In the three channel designs proposed particle flow was simulated by varying the inlet velocity in a logarithmic scale from 0.001m/s to 10m/s. With an inlet velocity of 0.001m/s, the particles do not reach the end of the channel. This is shown in figure 6 . Whereas with a velocity of 0.01m/s they reach the end of the channel and some wells are occupied leading to optimum results. With velocities in the range of 0.1m/s to 10 m/s, the particles are pushed to the end of the channel. Therefore, an inlet velocity of 0.01m/s is found to be suitable for getting optimum results for all the three channels. 
2) Variation in the number of particles trapped with respect to the particle diameter
The number of cells trapped increases with increase in particle size. This was studied by keeping all other parameters of the design constant and by varying only the particle size. The particle diameter was varied from 1μm to 5μm and then to 9μm to see the variation in trapping. The results below show that the number of particles trapped increases with increase in particle diameter. This is due to the clumping of cells to as the diameter increases
3) Variation in the number of particles trapped with increase in number of particles flowing inside the channel
The number of particles flowing in was varied from 1000 to 3000 and then to 5000 to notice the change in the number of particles trapped. Other specifications of the design were kept constant. The particle diameter was kept at 9μm in all the designs. The quantitative results in figures 7 and 8 do not give the number of cells that were trapped in microwells alone. It also includes the cells that were trapped in the channel pathway and clumps of cells that got trapped in a single well. These results help researchers to choose a proper combination of microwell and channel designs and other parameters to get best results.
The particles trapped in each channel with various particle diameter and channel width is shown in figure 9 . The following conclusions can be made from the analyses done and results obtained. Fluid velocity within the microwell decreases as we go deep into the well and this is required for efficient trapping of cells. For the proposed designs, an inlet velocity of 0.001m/s was found unsuitable since the particles were not carried to the outlet with this velocity. An inlet velocity of 0.01m/s was found to produce optimum results. Velocities greater than 0.01m/s will push the particles to the outlet leading to fewer traps. The number of particles trapped increases with an increase in particle diameter, the number of particles flowing within the channel and proper well orientation. From the quantitative and qualitative results, it has been found that the serpentine channel produces more traps when compared to V shaped and straight channels. Further improvements in the designs proposed can be done which results in maximum single cell traps. Further analysis can be done by extending the dimensions of the design to fit a realtime fabrication platform.
